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Engineering relativistic effects in ferroelectric SnTe
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Spin-orbit coupling is increasingly seen as a rich source of novel phenomena, as shown by the
recent excitement around topological insulators and Rashba effects. We here show that the addition
of ferroelectric degrees of freedom to a semiconductor featuring topologically-non-trivial properties,
such as SnTe, merges the intriguing field of spin-orbit-driven physics with non-volatile functionalities
appealing for spintronics. By using a variety of modelling techniques, we show that a strikingly rich
sequence of phases can be induced in SnTe, when going from a room-temperature cubic phase to a
low-temperature ferroelectric structure, ranging from a topological crystalline insulator to a time-
reversal-invariant Z2 topological insulator to a “ferroelectric Rashba semiconductor”, exhibiting a
huge electrically-controllable Rashba effect in the bulk band structure.
PACS numbers: 71.20.-b,73.20.-r,71.70.Ej
Many of the materials science topics that recently
drew large attention arise from the intriguing physics
based on spin-orbit coupling (SOC). For example, grow-
ing enthusiasm is devoted to the so called ‘Ferro-Electric
Rashba Semi-Conductors (FERSC)”, a novel class of
multifunctional materials featuring GeTe as prototype1,2.
In FERSC, a (giant) Rashba effect (RE) is present in
the bulk band structure and is intimately linked to ferro-
electricity: the spin-texture can be fully reversed when
switching the ferroelectric (FE) polarization. Indeed, in
Ref. 1 some of the present authors predicted, by means
of first-principles simulations, that FE GeTe would show
a huge Rashba spin-splitting for the valence band max-
imum and an unprecedented Rashba parameter. While
our theoretical predictions for GeTe urgently call for an
experimental confirmation, the fascinating FERSC phe-
nomenology opens exciting perspectives in electrically-
controlled semiconductor spintronics: for example, a
modified Datta-Das spin transistor based on a FERSC
channel would allow the appealing integration of storage
and logic functionalities.1
Moreover, since few years topological insulators (TI)3
have been at the center of increasing excitements, due
to exotic properties, such as their surface states (SS)
showing a Dirac spectrum and being exceptionally ro-
bust against perturbations. TI possess a non-trivial
Z2 classification, arising from an odd number of SOC-
induced band inversions in their bulk band-structure.
The SOC-related origin of the phenomenon makes the SS
to show a single spin-state for each momentum, paving
the way to spin-polarized currents of interest in spintron-
ics. Recently, a novel class of TI has been introduced,
namely topological crystalline insulators (TCI),4 where
metallic edge states are protected by point- or space-
group symmetries, rather than time-reversal (TR) sym-
metry as in usual Z2 TI. The proof of the existence of
TCI came from rocksalt SnTe5,6 (and related alloys7,8),
where the fcc lattice shows a (110) mirror plane and
the (bulk) L symmetry-point features a SOC induced
band-inversion between anion and cation in the valence-
band-maximum (VBM) and conduction-band-minimum
(CBM), compared to other standard semiconductors.
Surfaces preserving the mirror operation, such as the
(001), were first predicted (and later experimentally con-
firmed via angle-resolved photoemission) to show an even
number of Dirac branches along the Γ-X direction, cor-
responding to an even number of band inversions (rather
than an odd number, as in standard TI).
In this work, we focus on the coexistence and inter-
play between FERSC characteristics and topological be-
haviour, starting from the observation that any material
showing at the same time ferroelectricity and a topolog-
ically non-trivial character is likely to show large SOC
and small band gap: it is therefore expected to sat-
isfy also the conditions for a (possibly large) bulk RE.
A multifunctional material being at the same time a
FERSC and a TCI would clearly constitute a break-
through in the field and we show here that this is the
case of SnTe. The role of displacements in TCI was
only marginally discussed in Ref.5 for SnTe, where a FE
distortion along the [111] direction was considered (con-
sistently with crystalline rhombohedral deformation, oc-
curring at low temperatures9). While Hsieh et al.5 per-
formed helpful symmetry considerations, they remained
at the speculative level. Rather, we here show that it is
important to perform a quantitative analysis. In closer
detail, by means of ab-initio simulations, we consider the
transition from cubic to FE SnTe and explore topologi-
cal properties along the path connecting the two extremal
phases, by focusing on [111] surfaces. Indeed, several ex-
citing outcomes result: i) below the FE transition tem-
perature, SnTe turns out to be a novel FERSC; ii) the
TCI phase for the cubic rocksalt structure can be turned
to a Z2 TI under external manipulation and iii) the co-
existence of FERSC behaviour with either TCI or Z2
topological insulating phases is shown to occur.
Technical details. Density functional theory (DFT)
simulations were performed using the Vienna Ab ini-
tio Simulation Package (VASP)10 and the Generalized
Gradient Approximation (GGA)11 in the Perdew-Burke-
2FIG. 1: Ab-initio DFT: a) Topological phase-diagram estimated from the evolution, as a function of λ, of the energy gaps
around Z (∆Z) and to L (∆L). The “minimal” energy gap (∆) over the whole BZ is drawn in black. The band structures
in proximity to Z (along the directions B → Z → P ) and L (along the directions Γ → L → B1), respectively, are shown in
panels b) and c) for λ = 0.0, in panels d) and e) for λ = 0.10, in panels f) and g) for λ = 0.25, in panels h) and i) for λ =
1.0. The orbital character of bands is shown by color map going from dark blue (Te) to dark red (Sn), with 1/2 corresponding
to the equally mixed anionic and cationic character. For clarity, we report in panel h) the graphical definition of the Rashba
momentum offset, kR, and of the Rashba energy splitting, ER.
Ernzerhof (PBE) formalism for the exchange-correlation
potential. We used an energy cutoff for the plane wave
basis of 400 eV and a 16 × 16 × 16 Monkhorst-Pack
k−point mesh15. Test calculations using more accurate
hybrid functionals within the HSE14 formalism (see16)
showed that the relevant physics was only marginally af-
fected, so we will focus here on the GGA results. We
here concentrate on the [111] surface, usually a natu-
ral cleavage plane for rhombohedral crystals. To calcu-
late (111) SS in the slab geometry, the number of lay-
ers has to be sufficiently large to distinguish the sur-
face from the bulk states which makes ab-initio ap-
proaches prohibitive. We therefore resorted to an ef-
fective tight-binding (TB) model for SS. The TB hop-
ping matrix elements were determined by projection of
the ab-initio VASP Hamiltonian onto the Maximally Lo-
calized Wannier Orbitals (MLWO) through the WAN-
NIER90 package13. As for structural parameters, we em-
ployed those optimized within DFT-GGA. For the rhom-
bohedral (cubic) structure, we used lattice constants a =
6.475 A˚(6.420 A˚), rhombohedral angles α = 58.8o (60o)
and atomic displacements (in internal units) τ = 0.026(0)
(see Section A and Supp. Tab. 1 of Ref. 16.)
Bulk electronic structure. As already mentioned,
the cubic phase of SnTe is a TCI, while the rhombo-
hedral phase is FE (with a calculated polarization of ∼
40µC/cm2, see Ref. 16). We here search for an interme-
diate phase (allowed by symmetry) which exhibits both
ferroelectricity and RE, being at the same time topolog-
ically non-trivial. In order to demonstrate the existence
of such a phase, we construct a path, parametrized by
λ, linearly connecting the structural parameters (i.e. in
terms of lattice constants and angles, atomic positions,
etc) of the cubic TCI phase (space group Fm3m, λ = 0)
to the rhombohedral FE one (space group R3m, λ = 1).
Our DFT calculations are reported in Fig. 1, where we
show the energy gaps at the Z and L points of the rhom-
bohedral Brillouin zone (BZ), along with a zoom of the
related band structures, for different values of λ.
Let’s first discuss the FERSC behaviour. As for GeTe,1
SnTe meets all the necessary conditions pointed out to
support a giant RE. Specifically, the VBM and CBM,
both at Z and L points, have the same symmetry char-
acter coming from an unusual bands’ ordering close to the
Fermi level. This, in combination with a rather strong
SOC, a very small gap and the lack of inversion symme-
try, paves the way for a huge electrically-controllable bulk
Rashba spin splitting19 (RSS): in the low-temperature
phase (λ = 1), we calculated a Rashba momentum offset,
around Z, kR ≈ 0.08 A˚
−1. The energy splitting at Z, ER
[calculated as the energy difference between the lowest
conduction (highest valence) band at kR and at the high
symmetry points (HSP) Z] is as large as 272 (172) meV
for the conduction (valence) bands, see Fig.1 h). Being
the Rashba parameter αR as large as 6.8 (4.4) eV/A˚ for
the conduction (valence) bands, SnTe is unambiguously
proven to be an additional example of FERSC for all val-
ues λ > 0 (see Section B. and Fig. Supp. 1 in Ref. 16
for further details). Moreover, differently from GeTe,1 in
SnTe the VBM and CBM at Z both belong to the j = 1/2
manifold (at variance with j = 1/2 and j = 3/2 for VBM
and CBM, respectively, in GeTe). Therefore, SnTe seems
even more promising than GeTe, as the large RSS occurs
both in the valence and in the conduction bands, opening
the routes towards an ambipolar behaviour12 of interest
for spintronics.
3As for the topological properties, let’s remark that,
along the whole λ path, SnTe is characterized by the
presence of a band gap among different Rashba peaks,
kR, around either L or Z. The key point is, however,
the band structure evolution, as a function of λ, of the
Z and L points, the two being different because of the
rhombohedral/off-centering distortions. By looking at
the inverted orbital character (typical for TI), we note
that the TCI phase survives the rhombohedral distor-
tion for quite long (up to λ = 0.16, cfr. Fig.1 a)). In
this range, ferroelectricity coexists with a small RSS,
mainly located at Z; we therefore label this phase as
“TCI+FERSC”. For the critical value, λ = 0.16, the
gap closes at Z. Upon larger displacements, the gap at
Z reopens without band inversion, whereas at L the band
inversion is still present. In this range of λ, an extremely
exotic phase exists: along with the FERSC behaviour, an
odd number of band inversions opens the possibility for
a Z2-type of TI. This phase, labeled as “Z2+FERSC”,
is indeed confirmed to be a strong TI from the evalua-
tion of the Z2 topological indices as (1, 111) (see Section
C in Ref. 16 for details). Finally, a further increase in
λ closes the gap (at λ = 0.33) at the Rashba points
kR in the vicinity of L, thus switching the band inver-
sion off (along with the TI regime) at L. The system
consequently becomes a trivial FE insulator with strong
RE (i.e. a “topologically-trivial FERSC”). The sequence
of phases (TCI+FERSC,Z2+FERSC, FERSC), shown in
Fig.1 a), is the main result of the paper, further explored
below in terms of surface electronic structure.
Surface states. Owing to the bulk-boundary correspon-
dence (BBC), all the findings about topological states in
the bulk find their counterparts in the electronic prop-
erties of the [111] SS, showing intriguing aspects related
to ferroelectricity. Since the FE polarization is perpen-
dicular to the (111) surface17, in the slab geometry with
mixed termination (Te on one side, Sn on the other) two
possibilities can be distinguished: one, when polarization
points from the inner layers towards the Sn surface (and
away from the Te surface) or the other, when it points
away from the Sn surface (and towards the Te surface),
as shown in the inset of Fig. 2 d). Due to the mixed ter-
mination, the contributions of each surface can be distin-
guished by looking at their orbital and atomic character.
We underline that the presence or absence of the topo-
logical SS is indeed a ”bulk”-derived property, marginally
depending on the surface band structure (SBS) or on the
presence of surface defects. As a matter of fact, the topo-
logical nature of a band insulator is routinely assessed by
calculating SS in a slab geometry, often in the framework
of empirical TB models8,18. Here, we use a much more
realistic TB parametrization derived from an accurate
first-principles-based Wannier procedure.
As well known, in the SnTe cubic phase, each surface
of the slab exhibits a cone of SS at Γ and each of the
three non-equivalent M points of the surface Brillouin
zone (cfr inset in Fig. 2 a), consistent with the existing
literature20,21 and with the band inversion observed in
the bulk bands. It is worth noting that Sn surface cones
cross in the vicinity of the VBM, while the Te SS cross
close to the CBM.
In the TCI+FERSC phase (0< λ <0.16), the system
shows a finite FE polarization but is topologically equiv-
alent to the Cubic one, i.e. we find in the surface elec-
tronic structure the same number of cones at the same
symmetry points for λ = 0.0 and 0.1 [cfr Fig 2 a) and b)].
However, for a finite λ, the behaviour at Γ depends on
the polarization direction: the crossing can either occur
close to the middle of the gap (cfr Fig. 2 b) upper-right
panel) or closer to crossing of projected bulk bands (cfr.
Fig. 2 b) upper-left panel). This allows for an additional
control of the surface electronic properties through an
electric field.
In the Z2+FERSC phase (0.16< λ <0.33), the inverted
(normal) gap at L (Z) is reflected on the surface elec-
tronic structure [cfr. Fig. 2 c)]. The striking feature of
this phase is the presence of a single Dirac cone from each
surface crossing at M . Since the number of nonequiva-
lent Dirac cones is odd, this phase is confirmed to be a Z2
TR invariant strong TI with indices (1, 111). The bulk
bands (projected at the surface) exhibit a strong RE at
Γ and a tiny one atM . Although the SBS atM does not
depend on the FE polarization direction, at Γ it does. In-
deed, for polarization corresponding to the negative shift
of the Te sublattice with respect to the Sn one, a surface
RE appears. We recall, in fact, that the RE discussed
so far in the paper occurs in the bulk; however, a more
“conventional” RE can also occur at the surface, deriving
from the breaking of inversion symmetry induced by the
presence of any surface.
Recall now that, in the bulk, the phase at λ > 0.33
does not show any band inversion and is topologically
trivial. This phase also characterizes the final end-point
of our adiabatic path at λ = 1 (FERSC phase), for which
we show the SBS in Fig. 2 d). Here, the bulk RE is
evident both at Γ andM , while the surface RE is present
on one of the two HSP depending on the orientation of
polarization.
In summary, we have addressed the intriguing physics
brought by SOC interlinked with ferroelectricity in SnTe.
By means of a combination of DFT, TB and Wannier or-
bitals, we analyzed bulk and surface electronic structures
and showed that, upon any external agent (such as pres-
sure, strain or chemical doping) that is able to drive a
transition from the room-temperature cubic centrosym-
metric structure to the low-temperature FE structure of
SnTe, an exotic sequence of peculiar phases can be in-
duced, controlled and optimized. Indeed, these phases
range from a TCI for small deformations (0 < λ < 0.16)
to a Z2 topological insulator for slightly larger FE distor-
tions (0.16 < λ < 0.33) to a trivial topological behaviour
up to the experimental FE structure (0.33 < λ < 1).
Moreover, we show that topological phases can coexist
with a FERSC behaviour, where a strong RSS is pre-
dicted to occur in the bulk electronic structure and whose
spin texture is controllable via an electric field. While
4FIG. 2: TB+MLWO: a) [111] SBS for λ = 0.0. The inset shows the rhombohedral BZ and its projection on the [111] surface.
d) [111] SBS for λ = 1.0. The inset shows the stacking sequence of the unit cells, along with the two possible terminations and
direction of polarization (labeled as P↑ in the left and P↓ in the right). b) and c) show the SBS for λ = 0.1 and λ = 0.25. In
the latter panels, there are four subpanels, showing the band structure around Γ for P↑ (upper left), around Γ for P↓ (upper
right), around M for P↑ (lower left), around M for P↓ (lower right). All the calculations were performed on slabs with 480 Sn
and Te layers, except for the case of λ = 0.25 and around M point (where higher accuracy is needed), in which 720-layer slabs
were used. Color scale as in Fig.1.
the specific range of λ values for each phase depends
on model details, we predict the sequence of phases -
as a function of λ - from TCI over Z2 to trivial insu-
lator with strong RE, to be quite general. the possi-
bility to experimentally observe As for the experimen-
tal realization of the intermediate phases, we note that
the parameter λ, connecting the cubic and the rhom-
bohedral phases, is mainly related to the ferroelectric
displacement between Sn and Te sublattices and, hence,
can be controlled by several means, such as p-doping or
chemical substitution. Indeed, the naturally occurring
p-type doping in SnTe, due to Sn vacancies, strongly
affects FE properties. For example, p-doping above a
critical threshold9 completely destroys the displacement.
In addition, it has been theoretically argued that n-type
doping could smoothly tune the atomic displacement in
the prototypical FE, BaTiO3
22. Analogously, the study
of isovalent substitution in SnGeTe23 showed that the
displacement can be controlled by tuning the concentra-
tion of Sn. While our results urgently call for an ex-
perimental verification, it is clear that the multifunc-
tional behaviour of FE SnTe shows a wide tunability
through a variety of different topological insulating or
FERSC phases. More generally, our work shows how the
peculiar interplay among ferroelectricity, SOC, topology
and RE opens exciting perspectives in different key areas
in current science, ranging from fundamental condensed
matter physics (in terms of microscopic mechanisms), to
materials science (in terms of novel and advanced com-
pounds) to technology (in terms of a new generation of
electrically-controlled spintronic devices).
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